Isolated retinal precursor cells, grown without pigment epithelial or glial cells and in the absence of interceflular contacts, develop a complex set of photoreceptorspecific properties, including polarized structural and molecular organization and opsin immunoreactivty. We report here that these isolated embryonic photoreceptors are also capable of responding to light. Sequential photography showed that 50% of the photoreceptors grown in a light cyde elongate when exposed to light and contract in response to darkness. A smaller population (20%) showed the opposite response. Responses of individual cells could be observed during several sequential light cycles and resemble photomechanical movements in vivo [Ali, M. A. (1971) 
ABSTRACT
Isolated retinal precursor cells, grown without pigment epithelial or glial cells and in the absence of interceflular contacts, develop a complex set of photoreceptorspecific properties, including polarized structural and molecular organization and opsin immunoreactivty. We report here that these isolated embryonic photoreceptors are also capable of responding to light. Sequential photography showed that 50% of the photoreceptors grown in a light cyde elongate when exposed to light and contract in response to darkness. In addition to visual transduction, light regulates a variety of retinal metabolic functions, including synthesis and distribution of cell-specific macromolecules (1, 2) , shedding of photoreceptor outer segments (3) , and photomechanical movements (for review, see ref. 4) . Photomechanical movements occur in many vertebrates in response to daily light cycles. In the light-adapted state, rod photoreceptors are elongated and cone cells are contracted along their long axes, and the opposite movements occur in the dark-adapted state. The inner-segment myoid regions of these cells show the most evident changes in length. Retinal neuromodulators, apparently regulated by circadian or light-stimulated mechanisms, are also involved in some of these phenomena (for review, see ref. 5 ). For example, in some species dopamine synthesis (6) and release (7) increase at light onset, with a concomitant decrease in the synthesis and release of other neuromodulators, such as melatonin and -aminobutyric acid, from photoreceptor cells and/or other cell types (5) . Light offset reverses these effects, and it is thought that dopamine and melatonin function as reciprocal antagonists in the regulation of photomechanical movements because in many systems dopamine can mimic the effects of light (for review, see ref. 8) , and melatonin can mimic the effects of darkness (9) .
The respective regulatory contributions of light and neuromodulators to photomechanical movements remain undefined, as do the cell type or types that drive retinal cyclic metabolism. The sequence of events and mechanisms involved in the establishment of light-dependent cyclic events during retinal development and the possible effects oflight on retinal development, in general, have not been explored systematically. Further investigation ofthese issues has been difficult due to the lack of experimental systems that permit recurrent observation and manipulation of these events.
We are now using an in vitro system that allows direct analysis of some of these experimental questions. In this system, embryonic day 8 chicken retinal cells, cultured at low density in the absence of glia and retinal pigment epithelium, differentiate after 4-7 days in vitro (DIV) into multipolar neurons and opsin-immunoreactive photoreceptors. This in vitro system has been used for the investigation of various aspects of retinal development and differentiation (10) , and many elements of in vivo cyclic metabolism are present in these cultures (11) . We report here further exploitation of the system as a tool for the investigation of effects of light on photoreceptor metabolism. METHODS Cell Culture. Protocols for the culturing of embryonic retina have been described (12) . Retinas of embryonic day 8 chicken were dissected free of pigment epithelium, dissociated after mild trypsinization, and seeded at low density (8 x (Fig. 1 A and B) . Neurons are multipolar and have been biochemically characterized as kainate-sensitive and as having high-affinity uptake systems for y-aminobutyric acid, aspartate, and glutamate (14) . Photoreceptors develop a polarized and compartmentalized morphology, having one short neurite, a nuclear compartment, an inner-segment region containing a lipid droplet and enriched for Na+/K+-ATPase, and a rudimentary outer-segment-like structure that is immunoreactive for the visual pigment opsin (10) . Photoreceptors are kainateresistant and have a high-affinity-uptake system for glutamate but not for -t-aminobutyric acid (14) . a criterion to identify "elongated photoreceptors" for additional quantitative studies (see below).
We quantified these observations, determining photoreceptor length by measuring the distance from the base ofeach cell's nuclear compartment, near the origin of the neurite, to the center of the inner-segment lipid droplet. For these studies, cultures maintained in darkness were subject to a brieflight exposure during photography; control experiments with cultures fixed at different intervals during the dark phase of the cycle indicated that this brief light exposure did not affect cell behaviors in any detectable manner. In these cultures the average photoreceptor length was 12.5 ± 4 Am, whereas retinal cultures maintained in L/L contained photoreceptors with an average length of 20 ± 4 ,um (Fig. 1C) . Cultured L/D photoreceptors had an average length of 18.5 + 4 ,um, when examined during the light period, and 16 ± 4 ,um, when measured at the beginning of the light period. These morphological differences were also evident in histograms of the distribution of lengths for photoreceptors grown in D/D, L/D, and L/L conditions, normalized for number of cells measured ('-100 for each condition) (Fig. 1D) appearance during the light period). Free-running control cultures were photographed at the same time. This photographic schedule was usually followed for 2-3 days (4-7 DIV), to collect data from several light cycles. Changes in length were calculated for each photoreceptor over each experimental interval, and the cells were categorized as elongating (>101% length increase), contracting (>10% length decrease), or unchanged (<10% length change) for that time interval. Length changes for cells in each of these subcategories were then averaged for four to six microscopy fields (20-30 photoreceptors).
As shown in Fig. 3 edly photographed during the light period for comparative measurements of photoreceptor length. As shown in Fig. 4C , maximum elongation typically required 6-8 hr of light and was followed by a slight contraction before light offset.
Kinetics of L[+] photoreceptor contraction in response to
light offset was also investigated photographically, but a different approach was needed to avoid exposing cells to light during the dark phase of the cycle. For these studies, several culture dishes were photographed at the end of the light period and returned to a dark incubator. At selected times during the dark period, some of the cultures were fixed, and the same fields were rephotographed to obtain comparative measurements of photoreceptor length (separate controls showed that photoreceptor length was not affected by chemical fixation). Average photoreceptor contraction reached a maximum 5 hr after light offset, with little variation thereafter (Fig. 4D) . Photoreceptors cultured in constant light, which happened to contract over the same time interval, did so by a much smaller magnitude (data not shown), indicating that light offset (or entrainment to a light cycle) triggers a more substantial contraction than may occur spontaneously. DISCUSSION The findings outlined above indicate that isolated embryonic chicken photoreceptors can respond morphologically to light and light cycles in a quantifiable manner. We have observed that exposure to light results in the presence of longer photoreceptors in vitro and that, when maintained on a L/D cycle, cultured photoreceptors can respond with morphological changes that resemble photomechanical movements (4) . The majority of photoreceptors showing these movements elongate in light, contract in darkness, and have a capacity to repeat these movements for several light cycles.
The observation that cultured photoreceptors can sense changes in light conditions and repeat their morphological responses implies the presence of photosensitive metabolic machinery. This capacity was unexpected because the cells are grown in the absence of pigment epithelium and glia (10) . Cultured photoreceptors are known to contain materials immunoreactive with antibodies against opsin, the visual pigment apoprotein (10) . However, light sensitivity requires the presence of the chromophore li-cis-retinaldehyde, covalently bound to the opsin apoprotein (15) . When visual pigments absorb light, their chromophore is isomerized to all-trans-retinaldehyde and then reduced to all-trans-retinol; the l1-cis chromophore must be regenerated to restore light sensitivity. This regenerative step of the visual cycle is thought to take place in the retinal pigment epithelium, and newly made 11-cis-retinaldehyde then diffuses or is transported to the photoreceptors (16) . The neural retina of the chicken contains large stores of l1-cis-retinyl esters (17) , but whether the pigment epithelium is necessary for the synthesis of active chromophore in this species is unknown. It is possible, therefore, that the cultured cells contain adequate deposits of li-cis-retinal or can generate the l1-cis chromophore from the retinyl esters and retinol present in culture medium and serum. Although it seems unlikely that the responses in our cultures are mediated by chromophore/ pigment systems different from those used by adult photoreceptors for phototransduction, it is worth noting that in vitro responses to light have been reported for cell types that are not known to contain rhodopsin-like pigments (18, 19 In this context, it is of interest that we recently cloned from chicken retina libraries a visual pigment that, although resembling "chicken green" in spectral properties, is, in fact, closer in homology to rhodopsin than to other cone pigments (28) . In vivo photomechanical movement has been shown to require the participation of a functional cytoskeleton (4) . The morphological resemblance of in vitro responses to in vivo photomechanical movements (4) suggests that similar forces may be involved in the photomechanical responses of isolated photoreceptors in culture. Consistent with this possibility is the previous finding in this laboratory that the development and maintenance of the elongated, polarized organization of cultured photoreceptors result from an equilibrium between constantly active microtubule-dependent elongating forces and actin-dependent contracting forces (13 Several neurotransmitter/neuromodulator and secondmessenger systems implicated in the regulation of photomechanical movements in vivo (for review, see ref. 8 ) have also been documented in the cultures used for these experiments. Particularly noteworthy is the presence of serotonin N-acetyltransferase, the rate-limiting enzyme for the synthesis of melatonin (11) . This enzyme has been shown to be regulated by cyclic nucleotides in the chicken retina both in vivo (25) and in our dissociated cell culture (11) . The presence of light-regulated responses and of neuromodulator metabolism indicates that this developmental system may be ideal for further investigation of the respective roles of light and neuromodulators in the regulation and the development of photomechanical movements and other cyclic retinal events. We have recently observed that dopamine, which mimics the effects oflight upon photoreceptor length in vivo, also mimics the in vitro effects of light (26) , suggesting that dopamine and/or related neuromodulators may participate in the regulation or development of photomechanical responses not only in vivo but also in dissociated culture.
The results summarized in this report add further support to the contention that many aspects of photoreceptor differentiation are regulated by a "master program" expressed by retinal precursor cells even when developing in vitro, in isolation, in the absence ofcontacts with other retinal cells or with the retinal pigment epithelium (27) . Previous studies have shown that this master program regulates not only the expression of cell-specific genes, such as those coding for the visual pigment protein opsin, but also complex phenotypic behaviors, such as the development and maintenance of structural and molecular polarity (10) . Some functional aspects of photoreceptor differentiation have also been described, including the presence of a high-affinity-uptake mechanism for the photoreceptor neurotransmitter glutamate (14) . We have presented here evidence indicating that the photoreceptor master program also includes the development of a very complex physiological activity, the capacity of the cells to respond to light with photomechanical movements.
